Abstract.-The "decoupling hypothesis" has been proposed as a mechanistic basis for the evolution of novel structure and function. Decoupling derives from the release of functional constraints via loss of linkages and/or repetition of individual elements as redundant design components, followed by specialization of one or more elements. Examples of apomorphic decoupling have been suggested for several groups of organisms, however there have been few empirical tests of explicit statements concerning functional and morphological consequences of decoupling. Using the loricarioid catfishes, we tested one particular consequence of decoupling, the prediction that clades possessing decoupled systems having increased biomechanical complexity will exhibit greater morphological variability of associated structures than outgroups having no such decoupled systems. Morphometric procedures based on interlandmark distances were used to quantify morphological variance at three levels of design at successive nodes in the loricarioid cladogram. Additional landmark-based procedures were used to localize major patterns of shape change between clades. We report significantly greater within-group morphometric variance at all three morphological levels in those lineages associated with decoupling events, confirming our predictions under the decoupling hypothesis. Two of 12 comparisons, however, yielded significant variance effects where none were predicted. Localization of the major patterns of shape change suggests that disassociation between morphological and functional evolution may contribute to the lack of fit between variance predictions and decoupling in these two comparisons.
FIG.1. Phylogeny of the loricarioid catfishes. Dashed lines denote taxa not included in the morphometric analyses. Decoupling events,
represented by nine biomechanical apomorphies and the associated increase in numbers of biomechanical pathways, are mapped onto the cladogram and numbered as in Table 1 . At this level of analysis there is no homoplasy in these characters. Nodes A, B, and C indicate three of four phylogenetic levels analyzed in this study. Each node involves a pair-wise comparison of sister taxa, and the basal node (not shown) is analyzed relative to outgroup, nonloricarioid taxa.
tural diversity compared to sister clades with coupled systems.
Catjishes and Mechanical Design
In a previous paper (Schaefer and Lauder 1986) , we demonstrated that the loricarioid catfishes are a clade showing a -pattern of progressive increase in the mechanical complexity of structures associated with feeding. Loricarioids comprise a monophyletic group of approximately 1000 species of catfishes in six families (Fig. 1) . A well-supported phylogeny for the group is available (Schaefer 1990; de Pinna 1992) , although within each major clade the relationships among taxa at lower phylogenetic levels are poorly known. Basal loricarioids (trichomycterids, nematogenyids) share with other catfishes and ostariophysan fishes the plesiomorphic condition for cranial structures and their mechanical linkages. The lower jaw adductor musculature is relatively undifferentiated, upper jaws are coupled to the skull, and the lower jaws and associated hyoid musculature are bilaterally coupled (Fig. 2, top) . Further, the two mechanical pathways for lower jaw depression, both representing coupled mechanical systems also present in basal teleost fishes (Lauder 1985; Lauder and Shaffer 1993) , are unmodified in primitive loricarioids: (1) the mandibulohyoid ligament linking the hyoid and mandible; and (2) the interoperculo-mandibular ligament linking the opercular series with the mandible. The functional design represented by basal loricarioids is therefore relatively unmodified from the basic biomechanical design shared with outgroup actinopterygian (ray-finned fish) taxa (Lauder 1985) . Relative to more derived loricarioids (Fig. 2, bottom) , the mechanical design represented in basal loricarioids is one of fewer independent elements, is more mechanically constrained, and consequently exhibits fewer mechanical degrees of freedom.
We have previously described the historical sequence of changes in the morphology and mechanical design of the feeding mechanism in loricarioids (Schaefer and Lauder 1986) and outline the major features in Table 1 . The distribution on the cladogram of apomorphic features and their mechanical consequences allows specification of the historical sequence of structural/functional change and particular hierarchical levels at which individual specializations have occurred (Fig. 1) . The major pattern that emerged from that analysis is one of progressively increasing biomechanical complexity within the Loricarioidea (Fig. 2) .
We further defined these morphological innovations in terms of their biomechanical consequences (Table 1) . The upper jaws have become decoupled from the cranium, releasing the plesiomorphic constraint of tight attachment and immobility ( Fig. 1: 1 , 2, 5); the lower jaw has become decoupled from the opercular series, thereby releasing one of two plesiomorphic biomechanical pathways for lower jaw depression ( Fig. 1: 4) ; the lower jaws and hyoid musculature have become decoupled from their plesiomorphic bilaterally Note the increase in complexity of jaw musculature, as reflected in the increased number of jaw muscle divisions and the increase in number of anterior jaw bones (further discussion in text). Abbreviations as in Table 1 ; scale bar is 5 mm.
constrained midline attachments (Fig. 1: 3, 6 , 7); a new, redundant linkage between hyoid and mandible was acquired ( Fig. 1: 8) ; and the adductor musculature has differentiated into separated elements with novel attachments and functions ( Fig. 1: 9 ). The increase in myological complexity is illustrated in Figure 2 , which schematically compares lateral jaw musculature in trichomycterids and loricariids, taxa representing ends of the spectrum of morphological complexity within the clade. While the osteological specializations exhibit an overall pattern of increase in number of independent linkages between structural components, subsequent rearrangements of the musculature, with novel attachments to these decoupled elements, also show an overall increase in the number of biomechanical pathways mediating function in the design of the loricarioid feeding mechanism.
Decoupling and Its Consequences
Our premise is that decoupling of primitively constrained, tightly integrated biomechanical systems is a general pattern in the evolution of morphology and an important mechanism facilitating morphological and functional innovation. Apomorphic increase in the number of pathways mediating major aspects of function and behavior, the first-order result of decoupling events, must be causally related to subsequent diversification of morphology and behavior (Emerson 1988 b Morphological level at which decoupling hypothesis predicts increased variance. "None" indicates no predicted increase in variance for any of the three morphological levels of analysis.
No change in number of biomechanical pathways, yet increase in number of independent elements resulting from loss of tight midline attachment of mandibles. Lauder and Shaffer 1993) . For example, frogs with bilaterally decoupled pectoral girdles exhibit greater range in girdle shape (Lynch 1971; Trueb 1973 ) and a correlation between Our choice of exemplar taxa within loricarioid families degree of fusion and degree of change in girdle morphology was designed to evenly sample the major subfamilial taxoand orientation (Emerson 1988) . The loricarioid catfishes of-nomic groups, and therefore the major morphological "baufer yet another example of decoupled morphologies and the plane" within families, without over representation of any phylogenetic framework with which to test the generality of one taxonomic category (specimens examined are listed in the decoupling hypothesis.
Appendix I). Scoloplacids (four species of miniature catfishWe previously (Schaefer and Lauder 1986, p. 505 ) outlined es) and nematogenyids (one species) were not included in a set of predictions on the relationship between numbers of the analysis due to limited comparative material. Their abbiomechanical pathways and aspects of morphology and sence from our comparisons does not affect our ability to test function in the feeding mechanism within this clade and a the generality of the decoupling hypothesis. However, abgeneral protocol for testing those predictions. In general, we sence of scoloplacids does preclude us from fully resolving predict that clades possessing decoupled biomechanical sys-the association between decoupling and morphological tems and fewer constrained linkages will exhibit greater mor-change at that particular level of the cladogram. Approxiphological variability of associated structures compared with mately 25 specimens of eight species were sampled within sister-clades and outgroups having no such decoupled sys-each family (Table 2) ; generic-level representation was varitems (Schaefer and Lauder 1986, Lauder and Liem 1989) ; able among families. A diversity of siluroid taxa were sespecifics of the predictions are discussed below. Increased lected to represent a nonloricarioid outgroup. Because of the numbers of mechanical linkage systems in the jaws increase specimen-invasive nature of data acquisition, the extent that the possibility for changes and for new connections and func-our sampling objectives could be met was a function of spections to be acquired.
imen availability in museum collections. The unit of analysis In this study, we test this hypothesis using generalized was the individual specimen. True random taxon sampling morphometric variance as a proxy for morphological vari-representing identical numbers of species within taxon catability. We apply a statistical test at three levels of morpho-egories was not possible due to limitations on preserved mulogical design at specific levels in the cladogram correspond-seum material available for dissection. Thus, we note that ing to particular decoupling events in the history of lorica-our study is not based on a random statistical sample of rioid morphological evolution (Fig. 1) . individuals in each clade (and hence is not strictly repeatable in a statistical sampling sense), but within the constraints of available material we endeavored to obtain specimens from all major subgroups within each family.
Morphometrics
We performed a series of morphometric analyses based on homologous interlandmark distances designed to quantify multivariate variance in morphological aspects of particular relevance to the key biomechanical predictions outlined below. Additional landmark-based procedures were used to localize the major patterns of shape change between comparisons at each node (described below). All data were acquired as landmark coordinates defining homologous points on structural elements of the major functional components of the feeding mechanism. Landmarks were chosen to quantify major patterns of morphometric variation among families at three progressively less-inclusive levels of morphological design ( Fig. 3a -c, respectively): level 1, hyoid and mandibular arch with two points on the pectoral girdle, as seen in ventral view (eight landmarks, 16 variables); level 2, the mandibular arch, focusing on the suspensorium of the mandible (seven landmarks, 13 variables); level 3, mandible (11 landmarks, 22 variables). Following data acquisition at level 1, the mandibular arch was dissected from the right side of the specimen to permit data acquisition at levels 2 and 3. Landmarks were taken as pixel coordinates and variables were taken as linear interlandmark distances (landmarks and variables shown schematically in Fig. 3 ; described in Appendix 11) on catfish specimens cleared with trypsin and differentially stained for cartilage and bone (Taylor and Van Dyke 1985) . Although our system of landmark designations was based on positional homology and was designed to sample relevant structures associated with biomechanical evolution, our choice of interlandmark distance variables was designed to quantify shape, without regard to a priori notions of the potential effects of biomechanical evolution on those structures. Although other landmarks homologous across taxa could have been added to this analysis, the 26 homologous landmarks chosen provide thorough coverage of cranial morphology relevant to testing the decoupling hypothesis.
Loricarioids are remarkably variable for body size among and within taxa. Adults may range in size from as small as 11 mm standard length (SL) and 6 mm head length (HL) in some scoloplacids and trichomycterids, to as much as 1500 mm SL and 300 mm HL in some loricariids. Although the evolution of body size has undoubtedly played a major role in the history of these fishes, we are interested in comparing the magnitudes of morphometric variation between sister taxa that are largely or entirely free of variation due to overall size. As discussed by Rohlf and Bookstein (1987) , there has been no general agreement on methods for adjusting for the effects of size in morphometric analyses. In choosing a particular method for removing the effects of size on our esti-" mates of morphological variation, we require a method that produces general size vectors that are parallel among groups, akin to adjustment for unequal slopes in the analysis of covariance. The shear technique (Humphries et al. 1981; Rohlf and Bookstein 1987 ) and the Burnaby method (Burnaby 1966) are two popular multivariate methods for size adjustment, but which have no explicit procedures for dealing with nonparallel size vectors among groups (Rohlf and Bookstein 1987, p. 365) . Our preliminary analyses of these data strongly suggested the presence of among-groups allometric heterogeneity. We therefore used a more general method for size adjustment based on geometric shape coordinates as defined by Bookstein (1991) . A new set of size-adjusted shape coordinates was generated from the original landmark coordinates using the program UNIGRAPH by Les Marcus (all software cited here is available via the morphometrics archive at http://life.bio.sunysb.edu/morph/morph.html).
For each specimen, the following landmark pairs at each morphological level were selected as baseline endpoints and assigned coordinates (0, 0) and (1, 0) respectively: level 1 : 1, 4; level 2: 9, 15; level 3: 16, 25. Shape coordinates were then computed for all specimens by rotation and scaling of the landmarks relative to the unit baseline. Shape coordinates were thus adjusted for size for each individual specimen and were then used to compute "size-free" interlandmark distances as the input to our variance analyses.
Multivariate Variance
To test the predicted relationship between biomechanical complexity and morphological variability, we compared relative multivariate variance between pairs of sister taxa at each node in the cladogram (Fig. I) , including a basal comparison between loricarioids and a generalized sister group comprised of representative nonloricarioid siluroids chosen from a number of siluroid families representing diverse morphologies, since there is no general agreement on the sister group of the loricarioids. There is also no general agreement on methods for estimating multivariate variance (a good general discussion is given by Van Valen 1978) . The determinant of the variance-covariance matrix is the usual scalar measure of variation in more than one dimension and is equivalent to the product of the eigenvalues (Dempster 1969) . This parameter suffers the limitation of being small when most correlations are small and vanishes when one or more eigenvalues approach zero (Van Valen 1974) . A better measure of multivariate variation is the total variance, generalized as the sum of the eigenvalues or trace of the variance-covariance matrix (Ashton and Rowel1 1975; Van Valen 1978) . At each node in the cladogram, in addition to the basal node (Fig. I) , we partitioned the total data into relevant sister-taxon pairs and computed total variance as the trace of the within-groups FIG.3 . Morphological levels used in this analysis, homologous landmarks, and interlandmark distance measures illustrated relative to a generalized loricarioid (callichthyid). The diagrams to the right illustrate the distances calculated at each level: (a) level 1, inclusive of the pectoral complex, hyoid and mandibular arches; (b) level 2, inclusive of the mandibular arch (jaw suspensorium plus opercular series); (c) level 3, inclusive of the mandible only. Landmarks and variables described in more detail in Appendix 11; scale is I mm.
variance-covariance matrix based on "size-free" interlandmark distances as defined above.
Morphometric Dispersion
As an auxiliary measure of morphological variability, we computed the average within-group Euclidean distance among landmarks for each sister-clade comparison as above. Computation and weighting adjustments to correct for sample size followed Foote (1991, p. 470-471) . This parameter addresses morphological variability in a slightly different way than that revealed by examining multivariate variance. The former examines the extent that sister clades differ for average within-group morphological distance among individuals. The latter examines overall multivariate morphometric variance between groups, is roughly proportional to the squared perimeter of the morphospace hypervolume occupied, and takes into account both total scatter as well as dispersion among points.
Hypothesis Tests
The magnitude of the difference between sister-taxon pairs for multivariate variance as well as morphometric dispersion was computed as the ratio of the relative generalized multivariate variance and average within-group Euclidean dis- Table 1 . These independent a priori hypothesis. Our analysis is not equivchanges are based on our previous analysis o f loricarioid skull alent to conducting multiple ANOVAs on a single morphofunctional morphology (Schaefer and Lauder 1986) , and re-metric data set, which would require adjustment for multiple flect phylogenetic novelties in skull mechanics at four phy-comparisons (Rice 1989) . In addition, we observed that the logenetic levels ( Fig. 1 ) analysis of skull mechanical linkages generated predictions as to the morphological level at which increased variance would or would not be expected under the decoupling hypothesis. For example, Table 1 shows that at the basal node (where loricarioids are compared to outgroup catfishes), no changes in mechanical linkages within the skull exist, and we predict no change in morphological variance within the ingroup. In contrast, callichthyids + astroblepids+loricariids share novelties in upper jaw mechanics involving the loss of the primitively tight linkage between the maxilla and the neurocranium as well as the insertion of three muscles on the upper jaw (Table 1) . Given the general hypothesis presented above, that increased mechanical decoupling of structural components should be associated with an increase in the possible arrangements and diversification of those components, we expect increased morphological variance in descendent clades at this level. Specifically, for this comparison at node A, we predict that the ingroup clade will show increased morphological variance at morphological levels 1 and 2, which are most closely associated with the upper jaw function, but not at level 3, which characterizes lower jaw (mandible) structure. This prediction is given in the right-hand column of Table 1 .
tance, respectively. Significance o f the magnitude o f the ra-to their sister group, the trichomycterids (node A ) ; ( 3 ) comtios was tested using a bootstrap resampling procedure based parisons o f astroblepids + loricariids to their (functional) on randomized sampling with replacement and partitioning sister group, the callichthyids (node B ) ; and ( 4 ) comparisons o f the data into two groups o f size equivalent to the number o f loricariids to their sister group, the astroblepids (node C ) . o f observations in each sister-taxon pair. One-tailed P-values Comparisons at each o f these four phylogenetic levels were were obtained by comparing the observed ratio to the dis-made for the three morphological levels o f analysis discussed tribution o f 5000 empirical ratios obtained from the random-above yielding, 12 total tests, the results o f which are shown ization procedure under the null hypothesis o f ratio 1. in Tables 3 and 4. Note that we have not performed sequential The specific changes in the biomechanics o f the loricarioid Bonferonni corrections for the statistical tests presented in skull that were used to generate predictions about patterns Tables 3 and 4. Each test at each level constitutes its own o f morphological variation are listed in
Similar predictions were generated for each of the four phylogenetic levels based on an analysis of loricarioid skull functional morphology. As shown in Table 1 , many mechanical changes in the skull occurred at some phylogenetic levels, and we treat all mechanical linkage changes together when generating predictions for that phylogenetic level. Thus, for node B (Table I) , six discrete changes in mechanical linkage systems in the skull occur in the ingroup taxa (astroblepids + loricariids) as compared to the sister-group clade (callichthyids). While some observed novelties in skull mechanics predict no change at any of the three morphological levels (e.g., events 2 and 3, Table I ), others such as events 4, 6, and 7 predict changes at morphological level 3. Considering all six mechanical changes, predictions for increased variance are made for all three morphological levels at this node.
There are four important issues associated with our predictions of phylogenetic changes in variance. First, note that we do not suggest that a unit amount of variance is associated with each novel mechanical skull linkage. Rather, we make the simpler and less specific prediction that increased variance is expected for descendant clades where changes in mechanical linkage systems in the skull have occurred. Second, we base the predictions we make on the occurrence of discrete changes in the mechanical linkage systems (or biomechanical pathways) within the skull, and not on general morphological changes. Our identification of mechanical linkages is founded on the relatively large body of data on the structure and function of the skull in teleost fishes that has been accumulated over the last 20 years (Alexander 1967; Liem 1970 Liem , 1980 Nyberg 1971; Lauder 1981 Lauder ,1983 Schaefer and Lauder 1986 : Westneat 1990 : reviewed in Lauder 1985 suv-, A plemented by our own study of catfish cranial morphology. In essence, by tracking changes in mechanical linkages in the skull we are estimating the "mechanical degrees of freedom" of the structural components of the skull, and the number of potential pathways for controlling bone movement during respiration and feeding. The changes that we identify in jaw mechanical couplings are anatomically based, and despite recent progress in evaluating the kinematic consequences of changes in fish skull and jaw morphology (Westneat 1990 (Westneat , 1994 , we still have little idea of the specific biomechanical effect of these changes on feeding behavior. Such data await experimental analyses of living taxa. Third, our morphometric measures used to test the predictions do not in all cases precisely track functional regions of the skull predicted to vary. Thus, we may be too conservative in our predictions and miss changes in variance that did occur as a consequence of mechanical linkage change, as a result of inadequately capturing the morphology of the relevant skull region. Fourth, descendant taxa "carry with them" ancestral changes in linkages as a result of retaining plesiomorphic characters, and variance may, in a sense, accumulate phylogenetically. This could lead us to find increased variance in descendant clades as a result of changes in mechanical linkage systems that occurred earlier. For this clade of catfishes, however, biomechanical changes in the skull occurred at each successive node. A finding of increased variance in a clade such as the Loricariidae, for example, could be due to changes predicted at node C, or to effects of linkage changes at node B (Fig. 1) . We minimize this problem by restricting comparisons to individual sister-pairs and thereby examine the effects of biomechanical linkage evolution on morphological change following divergence from their shared common ancestor. In the Discussion we explore further some potential hierarchical effects on variance in this clade.
Localization of Shape Change
To interpret the relationships between our predictions and empirical results, we used the method of thin-plate splines (Bookstein 1991) to describe patterns of shape change, modeled as deformations between landmarks for each morphological level at each node of the cladogram. Detailed description of the method is given in Bookstein (1991) . Shape deformations are decomposed into both uniform and nonuniform components. The uniform component describes shape change that is geometrically uniform over the form, while the nonuniform component reveals the extent that shape change is localized in different regions of the form. We used the TPSPLINE program (version 9/14/94; Rohlf and Bookstein 1990) for the analysis and visualization of localized shape change, based on the size-adjusted shape coordinate data described above. At each node, the composite average set of shape coordinates was computed for each sister taxon and its first-level outgroup. The total nonaffine component of shape deformation describes the overall pattern of landmark displacements required to transform one form into another, while the partial warps derived from each pair-wise comparison describe patterns of deformation at progressively decreasing scale.
RESULTS
In general, the distance-based morphometric data confirm our predictions relative to the decoupling hypotheses. Ten of the twelve total comparisons precisely matched our a priori predictions under the decoupling hypothesis; we found no significant departure between observed and expected results (chi square = 0.889, P = 0.35). We observed significantly greater within-group morphometric variance at all three morphological levels in those lineages with decoupling events in their respective cladogenetic histories. These results were identical for both average total multivariate variance (Table  3) and total Euclidean distance analyses (Table 4 ). The Pearson correlation coefficients between sister clades for total multivariate variance and average Euclidean distance were significant (ten correlations ranged from r = 0.65-0.95; P ranged from 0.021-0.001). However, there was negligible correlation (not significantly different from zero, P ranged from 0.27-0.59) between either total multivariate variance or average Euclidean distance and increase in numbers of biomechanical pathways ( Fig. 1 ; r = -0.17 to -0.36). While the former indicates the close match between outcomes based on total variance and Euclidean distance, the latter result indicates no basis for expecting that individual decoupling events contribute equal amounts to the overall change in morphometric variance during lineage diversification.
Our results matched the prediction of increased morphological variability in clades associated with increase in numbers of biomechanical pathways in 10 of 12 comparisons for multivariate variance. Two of those 12 comparisons, both at the basal node, did not fit our predictions under the decoupling hypothesis: (1) basal node, level 2; (2) basal node, level 3. Both comparisons yielded significantly greater total variance and average within-group Euclidean distance in sister taxa where none was expected. We discuss each of these separately.
As predicted, we observed no significant variance effect for basal node level 1 comparisons (Tables 3 and 4) . Based solely on the decoupling hypothesis, due to the absence of associated biomechanical change at that level of the cladogram we predicted no significant difference in morphological variability between sister pairs at the basal node (Table 1 , basal node). Our choice of a composite nonloricarioid outgroup, comprised of representatives from a number of siluroid families, provides for a more conservative test of the hypothesis at the basal node than would be obtained by comparing loricarioids to their exact sister group, had the latter been known and specified. Loricarioids, on average, were significantly more variable than nonloricarioid catfishes with respect to suspensorial shape (level 2; F = 1.551, P < 0.01) as well as for mandible shape (level 3; F = 1.748, P < 0.01), suggesting that factors other than those associated with biomechanical complexity may be responsible for this variance effect where none was expected. We also did not expect a significant variance effect at node A, level 3 where morphological change of biomechanical relevance associated with this clade (Table 1) does not involve modification to the mandible. Here, however, our prediction of no variance effect was borne out. Thus, the match between observed and predicted variance effects involved both significant and nonsignificant results, the only exceptions being 2 of 3 basal node comparisons. Below, we discuss these two departures from prediction, in addition to those comparisons where our predictions were upheld, in terms of details of the overall patterns of shape change at each level of the cladogram.
The primary goal of this paper is to analyze patterns of morphological change in a monophyletic clade to test a specific historical hypothesis. The hypothesis we test is a purely structural one at the phenotypic level: decoupling of primitively linked structural components in the catfish feeding mechanism is predicted to be associated with increased morphological diversity in descendent clades. To this end, our hypothesis is tested by analyzing structural disparity, rather than the number of speciation events. "Disparity" has been used by Wills et al. (1994) as an appropriate term in discussions of structural diversification to avoid conflation with "diversity," a term that connotes the extent of speciation. We make no claims about the effect of biomechanical decoupling of structural components on subsequent speciation rates (although such claims can also be tested historically; see Sanderson and Donoghue 1994); rather, we aim only to test the relevant structural hypothesis. The results of our tests show that in 10 of 12 planned comparisons at three different morphological levels, decoupling of primitively linked components of jaw morphologies is associated with increased morphological disparity. By comparing sister clades at each node on the loricarioid cladogram (Fig. I) , we conducted a set of hierarchically nested comparisons that cannot be considered strictly independent, but which nonetheless test the decoupling hypothesis at each node by comparing structural diversity in paired lineages that share a common ancestor and common origin. We interpret the result of our tests as showing strong support for a causal historical relationship between decoupling and structural diversity in this clade. Such results have been previously suggested for ray-finned fishes (Lauder and Liem 1989) , but an explicit test of this hypothesis has not been available. To date, perhaps the most direct test of the historical structural effect in a clade with a primitive morphological innovation has been that of Emerson (1988) , who showed that fusion of the epicoracoid cartilages in frogs (eight phylogenetically independent cases of which were analyzed) resulted in a predictable historical pattern of shape change in descendant taxa. Our results complement and extend Emerson's analysis by directly examining the extent of morphological variation in descendant clades, and by providing a case study in which decoupling (rather than coupling) has occurred. Despite a number of caveats that must be kept in mind when evaluating such historical tests, the evolutionary diversification in loricarioid catfish feeding morphology appears to be due, at least in part, to the increased mechanical and structural flexibility permitted by a successive phylogenetic reduction in the constraints on constructional flexibility. For example, the loricariid + astroblepid clade ( Fig. 1) shares several structural novelties including the loss of the primitively tight linkage between the right and left lower jaw bones, and an increase in the number of distinct muscle divisions that attach to moveable jaw bones (Table  1) . These structural changes are not found in outgroup clades. Mechanically, these novelties would be predicted to allow an increased variety of movement patterns by the upper and lower jaws, and a concomitant increase in structural variation associated with new movement patterns. This prediction is supported by our test results (Table 3) .
One issue that could potentially affect our results is a consequence of the hierarchical nesting of our sister-clade tests. If each family contributes a fixed amount of variance, then comparative tests toward the base of the cladogram might of necessity find that ingroup clades (which will tend to include more families than outgroups at this level; Fig. 1 and Table  1 ) should possess significantly higher variance than outgroup clades. This result was not found. The level 1 comparison at the basal node actually provided the lowest observed F-ratio for any of our comparisons (Table 3 ) due to the low variance value for the ingroup. Alternatively, if variance propagates up the phylogeny due to a steady accumulation of new biomechanical linkages, then one would predict that the ratios for ingroup to outgroup taxa should also increase. However, our actual results show that variance frequently decreases, as the sequence of values for successively more terminal outgroups at level 1 shows (Table 3 ): 1.39, 0.31, 0.11, 0.10. Also, we note that our terminal comparison (at node C, Fig.  1 ) compares two families that we have sampled equivalently. For this comparison our multivariate ratio for level 3 was the highest obtained for any of our comparisons (8.7) due largely to the reduced variance shown at this level by the Astroblepidae. These results suggest that it is unlikely for this analysis to have been confounded by broad trends in variance that arise purely as a consequence of the phylogenetic hierarchy.
Evaluating Erroneous Predictions
Two of 12 comparisons yielded significant variance effects where none were predicted. We can examine in detail the results of the morphometric analyses for insight into these departures from prediction using the thin-plate spline analytical method which has several advantages in its ability to describe shape change. For our purposes, the main advantage is in the decomposition of the nonaffine (nonuniform) component into successively lower scales of resolution, as revealed by examining the patterns of geometric deformation described by the partial warps. If we were to observe that a large component of shape change was localized in regions of form unassociated with the relevant biomechanical evolution at that node in the cladogram, then we have some basis for claiming a disassociation between morphological and functional evolution. However, localization of functionally significant shape variation is not a prerequisite for empirical support of the decoupling hypothesis in the remaining 10 comparisons where significant variance effects were observed. We do not claim that decoupling must necessarily result in shape variation of biomechanical relevance; instead we suggest that divergence of shape among taxa subject to greater functional constraints will be localized in anatomical regions not associated with mechanical effect.
Suspensorium Shape Change.-The total nonaffine shape difference in level 2 at the basal node is one component of shape change at this level in the cladogram. This component describes a contrast involving a ventral shearing of the posterior portion of the suspensorium, an anteroventral lengthening between landmarks 10 and 12, and deepening of the anterior portion of the quadrate between landmarks 13 and 14 (Fig. 4a) . The outgroup-trichomycterid comparison (Fig.   4b ), relative to the outgroup-CAL comparison (Fig. 4c) , both can be regarded as components of shape change at that node, demonstrating that each sister clade contributes different localized shape change to the total deformation (Fig. 4a) . The trichomycterid component contributes most to the anterior dorsoventral stretch of the quadrate, while the CAL component contributes most strongly to the posterior shear of the suspensorium.
We can make no case for any particular functional relevance to these shape contrasts between loricarioids overall and outgroup, nonloricarioid siluroids. No major biomechanical component of cranial evolution has been identified at the basal loricarioid diversification. However, eye size and position differ dramatically among catfishes and the effect of these factors on shape and position of the underlying suspensorial bones have been noted previously (e.g., Schaefer 1991; Arratia 1992). The observed shape contrast involving deformation of the hyomandibula, in particular evolution of the anterior lamina of that bone (Arratia 1992, p. 79) , may have a large component due to evolution in eye size and position, changes not associated with the functional morphology of the underlying adductor musculature. Further, the overall contrast at this particular node is a composite of individual, lineage-specific components. While the localization and description of shape change is not a direct test of the decoupling hypothesis, we note here the presence of signif-$ant within-group variance in suspensorium shape coupled with a large degree of lineage-specific heterogeneity in shape deformation apparently unrelated to major biomechanical evolution.
Mandibular Shape Change.-The total nonaffine component of shape difference in Level 3 at the basal node describes a pattern of shape deformation localized in three separate regions of the mandible (Fig. 5a ). The largest contribution to the total deformation (partial warp 2, bending energy 0.3720, 37.5% of total) can be described as a shortening of the relative length of the Meckel's cartilage and compaction of the synchondral articulation (landmarks 21-24) between dentary and anguloarticular bone components of the mandible. An additional, lesser contribution (partial warp 1, bending energy = 0.2461, 24.8% of total) involves a lengthening and dorsoposterior shear of the coronoid region (landmarks 19, 20) relative to the mesial synchondral joint between anguloarticular and dentary bones (landmarks 21-24). A third minor localized shape deformation involves a dorsoventral stretching of the anterior dentary between landmarks 25 and 26 (partial warp 6, bending energy = 0.0225, 2.3% of total). We can decompose this overall deformation into that attributable to the individual sister taxa. The outgroup-trichomycterid comparison (Fig. 5b) reveals a large contribution to both the compaction of the synchondral articulation and the dorsoposterior shear of the coronoid region revealed by examining the total deformation at this node (Fig. 5a ). However, this contrast involves an enhanced dorsoposterior displacement and an anteroposterior shortening of the coronoid not revealed by examining the overall deformation. The outgroup-CAL comparison (Fig. 5c ) depicts an overall pattern of deformation quite similar to the total deformation in the mandible at this node.
Unlike the pattern of deformation described for the sus- pensorium, the total deformation in the mandible at the basal node involves a lesser degree of within-lineage heterogeneity in terms of localized shape change. We cannot make a similar claim for mandibular shape change unassociated with biomechanical evolution. We suspect that the compaction of the synchondral joint is mechanically related to a shortening of the lever arm and strengthening of the articulation between mandible elements, yielding increased force transmission to the mandibular tooth-bearing surface during feeding. Such a morphological change would suggest that feeding behavior in loricaroids involves decreased rapidity of mandibular depression, but increased force application to the prey relative to the outgroup catfish clades examined here. This change may be related to scraping of food from substrate surfaces, and would represent a significant change from velocity-dominated mandibular depression mechanisms in outgroup-suc- is also consistent with greater application of force to the mandible, as a deeper mandible is better able to resist bending moments imposed when the lower jaw is applied to the substrate. In sum, the pattern of deformation illustrated in Figure  5 is consistent with the transition from a primitive suction feeding mechanism to a feeding system involving proportionally greater amounts of scraping, and hence the generation of increased mandibular resistive forces. The fact that such morphological changes were not predicted from our measurement of biomechanical decoupling events emphasizes that changes in feeding behavior and functional morphology may also arise from proportional changes in skull bones and muscles. These results also suggest that at the origin of the Loricaroidea, key features involved with origin of a loricarioid-style feeding mechanism were changes in the shape of lower jaw morphology, and that novel biomechanical linkages evolved later in concert with increased versatility and variability in the jaw and skull.
Decoupling and Morphology
We have documented a significant association between morphometric variance and biomechanical complexity in the loricarioid catfishes. Sister clades possessing increased numbers of biomechanical pathways mediating function in the feeding mechanism of these fishes exhibit significantly great-er within-group variability for these structures compared to outgroups having experienced no such biomechanical evolution. An important general hypothesis regarding the evolutionary consequence of decoupling has been supported in this case study, confirming our predictions (Schaefer and Lauder 1986 ) as well as those of Emerson (1988) .
The general relevance of our findings involves empirical support for the interpretation that release of design constraints and duplication of functional pathways is causally related to subsequent historical diversification. We suggest that the comparative historical approach, and methods for testing historical hypotheses utilized here, offer one means for placing the study of functional design, particularly the analysis of functional constraints, in a hypothetico-deductive framework. While it has been recognized that limits on the diversity of phenotypes resulting from constrained development have phylogenetic pattern (Alberch 1980; Wake 1982; Maynard Smith et al. 1985; Fink 1988) , most proposals of developmental constraint are largely descriptive and lack an explicit, testable causal mechanism (but see Atchley and Hall 1991) . Mechanistic hypotheses are not tested simply by observing that the range of variation in a structure is less than the range of theoretically possible variants in an organism or taxon.
To further explore the historical basis for the association between changes in mechanical linkages and morphological variation in the loricarioids, we might attempt to integrate intrinsic analyses of design with experimental studies of function and behavior. This integration of functional and behavioral data could address in more detail the mechanistic consequences of decoupling in the loricarioid feeding mechanism. For example, we might quantify variance in motor patterns in relevant jaw muscles, variations in modulation of pressure changes during feeding, or the range of bone movements during different behaviors. Asymmetry of muscle function between right and left sides could also be measured. Comparisons of functional and behavioral variables using the methods described here would allow this study, based on morphology alone, to be extended to examine historical relationships among other types of organismal traits such as function and behavior. For example, to what extent do changes in the number of mechanical linkages relate to changes in variability of muscle function? Or, does osteological variation correlate (historically) with variability in motor output to feeding musculature? While such studies will be substantially more complex than this one in requiring functional data on living organisms from numerous taxa, they will allow variability in both structure and function to be analyzed in a historical context. Such studies are currently rare, and yet would provide considerable insight into patterns of historical change in form and function.
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